Purpose: To assess retinal perfusion in eyes with unilateral ocular ischaemic syndrome (OIS) and to compare with control subjects. Methods: Retrospective case series. Linear blood flow velocities in macular vessels were estimated using motion-contrast fundus photography in eight patients with unilateral OIS (eight OIS eyes, seven fellow eyes) and 12 control subjects. The diagnosis of OIS was supported by carotid artery Doppler ultrasonography and pneumoplethysmographic measurement of ocular systolic perfusion pressure. Results: Macular arterial blood flow velocity (median, range) was 1.8 (1.4-2.7) mm/s in OIS eyes, 4.0 (2.9-5.3) mm/s in fellow eyes (p = 0.016) and 3.8 (2.3-5.1) mm/s in control eyes (p = 0.0004 and p = 0.67 versus OIS and fellow eyes, respectively). Macular venous blood flow velocity was 1.5 (1.0-2.1) mm/s in OIS eyes, 2.6 (2.0-2.9) mm/s in fellow eyes (p = 0.016) and 2.7 (1.8-3.5) mm/s in control eyes (p = 0.0007 and p = 0.64). Arterial velocities were below or equal to the lowest value observed in control subjects (≤2.3 mm/s) in seven of eight eyes with OIS. Visual acuity 0.7 or worse was found in two OIS eyes with arterial velocities below 1.7 mm/s and venous velocities below 1.3 mm/s and together with neovascular glaucoma or polycythemia vera (one eye each). Conclusion: Motion-contrast imaging revealed markedly reduced macular perfusion velocities in OIS eyes compared with unaffected fellow eyes and healthy control eyes. The method appears to provide a clinically meaningful quantitative measure of macular hypoperfusion.
Introduction
The ocular ischaemic syndrome (OIS) is a relatively rare vision-threatening disease commonly caused by severe carotid artery stenosis (Brown & Magargal 1988; Sivalingam et al. 1991; Mendrinos et al. 2010) . Patients often have systemic comorbidities, notably atherosclerosis, arterial hypertension, diabetes mellitus, and increased risk of ischaemic heart disease and cerebrovascular events (Sivalingam et al. 1989) . Although long-standing ocular hypoperfusion can lead to various pathological manifestations in the eyes (Mendrinos et al. 2010 ) no uniform diagnostic criteria exist for OIS. The diagnosis thus relies on the evaluation of a spectrum of symptoms, ophthalmoscopic, angiographic and paraclinical findings (Marx et al. 2004; Kofoed et al. 2010) , which in our clinical practice includes ocular pneumoplethysmography (OPG) to assess ocular systolic perfusion pressure (Gee 1982 ) and motion-contrast fundus photography to assess macular perfusion velocities (Izhaky et al. 2009 ). The present study retrospectively compared macular perfusion measurements in eyes with OIS, non-OIS fellow eyes and healthy control eyes.
Materials and Methods

Subjects
This retrospective case series included eight patients with unilateral ocular ischaemic syndrome (three men, five women, median age 71.5 years, range 64-77 years; Table 1 ) seen at our institution between June 2011 and October 2014. All patients had unilateral OIS. The clinical diagnosis was based on previously published criteria (Kofoed et al. 2010) including ultrasonographic or radiological demonstration of clinically significant ipsilateral carotid artery stenosis and OPG findings of subnormal ocular perfusion pressure (Gee 1982) .
All patients had a history of cardiovascular disease, five patients had additional systemic comorbidities (Table 2) , and all patients received pharmacotherapy for various medical conditions. One OIS eye underwent peripheral retinal photocoagulation because of iris neovascularization with neovascular glaucoma for which the patient also received topical latanoprost, dorzolamide and timolol. Another OIS eye had sequels of an extramacular branch retinal artery occlusion. Both eyes in two patients had macular drusen but no choroidal neovascularization or geographic atrophy. An epiretinal membrane was found in one OIS eye. Two patients had undergone cataract surgery in both eyes and one patient had undergone cataract surgery in an eye that had subsequently developed OIS. No patient had untreated cataract.
Seven of the eight OIS patients had 100% occlusion of the ipsilateral internal or common carotid artery and one patient had 70-80% stenosis. The contralateral internal carotid artery had 50-69% stenosis in three patients and 19% stenosis in one patient. In three patients, contralateral carotid artery blood flow was described as normal whereas the degree of stenosis was not reported. In one patient, there was no information about the contralateral carotid artery. No patient had undergone carotid artery surgery.
The eyes of OIS patients were compared with 12 healthy eyes from a control group of 12 subjects (two men, 10 women, median age 60 years, range 52-69 years) consisting of the oldest participants in a protocolized crosssectional observational study that followed the tenets of the Declaration of Helsinki and obtained informed consent (protocol number H-1-2012-048 approved by the Committee for Biomedical Research Ethics in the Capital Region of Denmark). The control subjects were selected on the basis of a normal eye examination and absence of systemic cardiovascular and metabolic disease. One control subject received prophylactic statin treatment, one received oestrogen replacement therapy and two received thiazide diuretics for lower extremity oedema.
Procedures
All subjects underwent ophthalmological testing including measurement of best-corrected visual acuity (BCVA) using Snellen charts, applanation tonometry, slit lamp examination, dilated ophthalmoscopy, transfoveal optical coherence tomography and fundus photography, including motioncontrast fundus photography (Retinal Function Imager 3005; Optical Imaging Inc., Rehovot, Israel). Blood pressure was measured and mean arterial blood pressure (MAP) was calculated as MAP = 2/3*diastolic blood pressure + 1/3*systolic blood pressure. At the time of diagnosis, patients with suspected OIS underwent OPG (OPG Gee; Electro-Diagnostic Instruments, Burbank, CA, USA) and seven patients underwent fluorescein angiography. Results of carotid Doppler ultrasonography or computed tomography angiography were retrieved.
Ocular pneumoplethysmography is designed to provide a quantitative estimate of the systolic blood pressure in the ophthalmic artery (Gee 1985) . In brief, a suction cup connected to the pneumoplethysmograph via plastic tubing is placed posterior to the limbus on the inferotemporal quadrant of the eyeball and vacuum suction is applied at 300 or 500 mmHg. The vacuum is then gradually released with simultaneous registration of pressure oscillations by a side port of the tube. The vacuum pressure, at which the first pressure oscillation is detected, is used to calculate the ocular systolic pressure (OSP). The lower normal limit for the OSP is estimated by the formula: OSP = 39 + 0.43 9 brachial systolic blood pressure (Gee 1985) . OSPs below this level were considered subnormal. In one patient, the numerical OSP values could not be extracted but pressure meter observations characteristic of unilateral OIS were made by an experienced examiner.
Macular perfusion velocity was measured at a median interval of 21 months (0-48 months) after the initial diagnosis of OIS. A fundus camera recorded eight red-free 20-degree fovea-centred images in rapid succession during the cardiac diastole. At least three image series were obtained per eye. As previously detailed (Klefter et al. 2015) , proprietary software (RFI Browse, version 2.1.00.209, Optical Imaging Inc., Rehovot, Israel) was used to calculate the average linear perfusion velocity in small perifoveal arterioles and venules, respectively.
Statistical analyses were performed using SAS 9.1 (SAS Institute, Cary, NC, USA).
Wilcoxon signed-rank test was used for within-subject comparisons while Wilcoxon two-sample test was used for between-subject comparisons. Relationships between continuous variables were tested by linear regression. In the case of nonlinearity, the Spearman rank correlation coefficient was calculated. The level of statistical significance was set at p < 0.05.
Results
At the time of diagnosis, median BCVA (range) was 0.85 (0.03-1.25) in the eight eyes of eight patients with unilateral OIS and 1.0 (0.1-1.25, one eye amblyopic) in the eight non-OIS fellow eyes. Bestcorrected visual acuity (BCVA) was unchanged at the perfusion velocity assessment (Table 1 ). All eyes of the control subjects had BCVA 1.0 or better. Except for one OIS eye with neovascular glaucoma, the intraocular pressure was below 21 mmHg in all eyes. Patients with OIS were older than the control subjects (p = 0.0032). Macular perfusion velocities were obtained in eight OIS eyes, seven non-OIS fellow eyes (image quality insufficient in one fellow eye) and 12 healthy eyes of 12 control subjects. Arterial and venous perfusion velocities were lower in OIS eyes compared with patients' fellow eyes (p = 0.016; Figs. 1 and 2) and healthy control eyes (arterial p = 0.0004; venous p = 0.0007). Perfusion velocities did not differ between the OIS patients' fellow eyes and healthy control eyes (arterial p = 0.67; venous p = 0.64).
Arterial velocities were below or equal to the lowest value observed in control subjects (≤2.3 mm/s) in seven of eight OIS eyes, and above this value in all fellow eyes. Venous velocities were below or equal to the lowest value observed in control subjects (≤1.8 mm/ s) in five of eight OIS eyes, immediately above this value in two OIS eyes (1.9 mm/s) and within the range observed in control subjects in one OIS eye. In all fellow non-OIS eyes, venous velocities were within the range observed in controls.
Best-corrected visual acuity below 0.8 was found in two OIS eyes with arterial velocities below 1.7 mm/s and venous velocities below 1.3 mm/s and together with neovascular glaucoma or polycythemia vera (one eye each). There was no detectable correlation between macular perfusion velocity and BCVA, ocular systolic pressure, age or smoking status.
Discussion
Motion-contrast retinal blood velocimetry demonstrated significantly reduced macular perfusion velocities in OIS eyes compared with non-OIS fellow eyes and healthy control eyes. Hence, the present case series demonstrated in a quantitative manner the slowing of macular perfusion in carotid artery stenosis. The results are in agreement with colour Doppler ultrasonographic studies that found reduced blood flow velocities in the ophthalmic and central retinal arteries of patients with ipsilateral carotid artery stenosis (Hu et al. 1993; Wong et al. 1998; Paivansalo et al. 1999; Kawaguchi et al. 2012 ). Furthermore, semi-quantitative analysis of fluorescein angiograms showed delayed retinal perfusion in relation to carotid artery stenosis (Brown & Magargal 1988 ) and prolonged arteriovenous transit times in OIS eyes, but with extensive overlap between OIS and non-OIS eyes (Hansen et al. 2013) .
Objective quantitative criteria for the diagnosis of OIS are desirable. Ocular perfusion pressure measurement and retinal blood velocimetry come some way towards meeting this demand. Although setting a clinically meaningful threshold using a single parameter is unlikely to be successful, the demonstration of macular hypoperfusion by motion-contrast imaging may help confirm the diagnosis of OIS. Therefore, it appears to be a relevant component of a diagnostic algorithm. The specificity of macular perfusion velocity measurements should be tested, however, by comparison with conditions such as diabetic retinopathy, retinal vein occlusion, uveitis and central serous chorioretinopathy (Williamson & Baxter 1994; Noma et al. 2009; Burgansky-Eliash et al. 2010; Beutelspacher et al. 2011; Feng et al. 2013) .
Visual acuity can remain normal at retinal perfusion rates that are well below the range observed in control subjects. Notably, this observation was made in a chronic condition with hypoperfusion of insidious onset. The response of the eye to acute hypoperfusion may differ.
Potentially contributing and competing causes of altered retinal perfusion were present in our patients, including neovascular glaucoma, polycythemia vera, smoking and diabetes (Hayreh 2007; Yang et al. 2013; Lehr 2000; Burgansky-Eliash et al. 2010) . The heterogeneity may complicate the interpretation of perfusion measurements but it makes our group representative of OIS patients in general (Sivalingam et al. 1989 ) and it should not detract from the potential of motion-contrast velocimetry to identify eyes with poor retinal perfusion. The lack of association between OPG and perfusion velocity measurements may be due to the former representing systolic and the latter diastolic perfusion. Also, the two measurements were not always obtained concomitantly. Although mean ocular perfusion pressure can theoretically be estimated from mean brachial arterial pressure and the intraocular pressure (Rishi et al. 2013 ), OPG appears to provide a more precise measure of the larger pressure drop across a significant carotid artery stenosis (Gee 1985) . Our results should be interpreted with caution because of the retrospective design, the limited sample size and the time it took to accrue the cases. The latter factors reflect the rarity of OIS (Mendrinos et al. 2010) . The association between the degree of carotid artery stenosis and macular perfusion could not be assessed from our data. Although OIS patients were older than the control subjects, age did not influence the evaluation of perfusion velocities.
In conclusion, motion-contrast retinal velocimetry demonstrated significantly decreased macular perfusion velocities in OIS eyes compared with unaffected fellow eyes and healthy control eyes. The method appears to provide a clinically meaningful quantitative measure of retinal perfusion. Prospective studies should determine the prognostic value of macular perfusion velocity measurements, effects of carotid revascularization surgery and thresholds for retinal functional impairment. 
